Black-fronted terns/tarapirohe (Chlidonias albostriatus) are highly adapted to nesting on clear shingle areas of the braided rivers in the South Island, New Zealand. They are nationally and internationally classified as 'Endangered'. Ongoing threats, primarily an interaction of predation and habitat degradation or loss, have resulted in population decline. Conservation management in the form of control of introduced mammalian predators has proven partially successful. Using the lower Waitaki River as a case study, we cleared vegetation from seven islands creating potential refugia from mammalian predators and providing high quality bare gravel breeding habitat. We: (1) determined the mammalian predators present on river banks, vegetated islands and cleared islands; (2) assessed the nesting success of black-fronted terns and primary causes of nest failure; (3) identified the predator species at nests using remote cameras; and (4) compared the nesting success on cleared and vegetated islands. Fewer mammalian predators were detected on islands compared to adjacent riverbanks: mustelids (Mustela spp.) occurred on approximately half of the vegetated islands, but only mice (Mus musculus) were detected once on one of the cleared islands. Black-fronted terns established three colonies on islands immediately after the clearing of vegetation, but nesting success in the lower Waitaki River was low overall (50.5% to 56.4% of nests contained at least one egg that hatched) and the primary cause of nest failure was predation before and after clearing islands. The main predators of nests (62.5% of predation events) were southern black-backed gulls (Larus dominicanus). There was no overall difference in nesting successes of colonies between cleared and vegetated islands, presumably because gulls depredated tern eggs irrespective of vegetation cover around target nests. Nesting success depended on the timing and size of the colony, with earlier established nests and nests in larger colonies being more successful. Artificially created nesting habitat can play a critical role for conservation, particularly on lowland rivers in New Zealand, and we recommend control of avian predators be considered.
Introduction
Black-fronted terns/tarapirohe (Chlidonias albostriatus) are endemic to New Zealand, breed only in the braided rivers of the South Island and migrate to the coast during winter (Higgins & Davies 1996; Schlesselmann et al. 2017) . They form loose breeding colonies sometimes re-using the same breeding site in catchments (Keedwell 2005; Bell 2017 ). Similar to other marsh terns (genus Chlidonias), they specialise on using unstable and ephemeral breeding habitat, and are able to respond to changes in the environment quickly (Higgins & Davies 1996) . They are currently classified nationally and internationally as 'Endangered' as population declines of around 50% over the next 30 years are predicted (O'Donnell & Hoare 2011; BirdLife International 2017; Robertson et al. 2017) .
Their decline in population size is thought to be the product of multiple threats, primarily associated with habitat loss and increased risk of predation leading to low recruitment. An increasing demand for water abstraction for irrigation and diversion, and impoundment for hydroelectric power generation, has led to significantly reduced water flows in many braided rivers (Ministry for the Environment & Stats NZ 2017). Invasive alien plant species now dominate braided river beds, making areas unavailable to breeding black-fronted terns and other braided river avian specialists such as wrybill (Anarhynchus frontalis) and black-billed gulls (Larus bulleri) (Maloney et al. 1999; Williams & Wiser 2004; McClellan 2009; O'Donnell et al. 2016) . Introduced mammalian predators (e.g. feral cats (Felis catus), stoats (Mustela erminea), ferrets (Mustela furo) and hedgehogs (Erinaceus europaeus)) are a primary cause of mortality in adults, chicks, and eggs (Sanders & Maloney 2002; Keedwell et al. 2002; Cruz et al. 2013; Bell 2017) . In addition, native avian predators like the Australasian harrier (Circus approximans) and the southern black-backed gull (Larus dominicanus) have increased in abundance since the arrival of Europeans in New Zealand in the 19 th century (Turbott 1967) . These species prey upon eggs and chicks of native braided river birds (Sanders & Maloney 2002; Steffens et al. 2012) . The colonial nesting habit also makes black-fronted terns more vulnerable to localised events, e.g. catastrophic failure of nests often occurs due to flooding of a whole colony site or predation events of a few nests can lead to abandonment of the entire colony (Keedwell 2005; O'Donnell et al. 2010) .
Reduced water flows, invasive plants and introduced predators are interacting threats that put further pressure on black-fronted tern populations. For example, lower river flows stabilise islands and increase channelisation, facilitating alien plant species encroachment and establishment, as well as increasing mammalian access to areas where black-fronted terns nest (Hicks et al. 2008; Pickerell 2015; Brummer et al. 2016 ). Furthermore, introduced vegetation provides habitat and cover for mammals (Norbury & Heyward 2008; Pickerell 2015) . Effective methods for improving environmental conditions for black-fronted terns are needed ). However, these multiple threats, combined with colonial nesting with variable site fidelity of black-fronted terns, pose a significant challenge for conservation managers seeking to improve the nesting success of black-fronted terns, and reverse their population declines. Conservation management of black-fronted terns has focused mostly on large-scale or localised control of introduced mammalian predators. Sustained year-round predator control on a landscape level on the Tasman River has been only partly successful (Cruz et al. 2013) . Localised, intensive predator control on the Ōhau River successfully protected a single site (Anderson 2014) . However, this level of localised control cannot be applied to most rivers because black-fronted tern colony locations generally vary depending on the availability of habitat at different sites (Keedwell 2005; O'Donnell et al. 2016) . One study on the Tekapo River (Maloney et al. 1999) , and anecdotal evidence from the Eglinton and lower Waitaki Rivers, have shown that black-fronted terns respond to vegetation clearance by using the resulting bare gravel for roosting and nesting. Nevertheless, we still do not have a good understanding in New Zealand of how vegetation clearance affects nesting success of black-fronted terns (Maloney et al. 1999; O'Donnell et al. 2016) . Vegetation clearance has been used in Europe, North America, and Asia to improve the nesting success of other tern species dependent on open areas for nesting (e.g. Jenniges & Plettner 2008; Fujita et al. 2009; Tinbergen & Heemskerk 2016) .
In New Zealand, braided river islands have the potential to act as refugia for black-fronted terns as water can act as a barrier to the movement of some mammalian species for example feral cats (Pickerell 2015) . Detection rates of mammals are lower on braided river islands compared to adjacent banks (Pierce 1987; Pickerell 2015) , and this can lead to greater nesting success of some bird species such as black-billed gulls or banded dotterels (Charadrius bicinctus) on islands (Rebergen et al. 1998; McClellan 2009; Pickerell 2015) . Pickerell (2015) modelled the probability of mammalian predators being present on islands in the Rangitata River and concluded that islands smaller than 3.5 ha, clear of vegetation, more than 20 m from the mainland or nearest predator source, and separated by a channel with a discharge of more than 6 m 3 s −1 would provide the best sites for breeding bird species.
We tested whether clearing islands of vegetation improves the nesting success of black-fronted terns, particularly for lowland rivers which are the most invaded by alien plant species, but also still harbour significant breeding populations of black-fronted terns (O'Donnell & Hoare 2011; Brummer et al. 2016; O'Donnell et al. 2016; Schlesselmann et al. 2017 ). Using the lower Waitaki River as a case study, we addressed the following questions: (1) Which mammalian species are present on vegetated and cleared islands, and adjacent riverbanks? (2) What is the nesting success of black-fronted terns and primary causes of nest failure? (3) Which species depredate nests? (4) Do cleared islands attract black-fronted tern breeding colonies and if so, is nesting success higher on cleared compared to vegetated islands?
Methods

Study area
The study took place on the Waitaki River, South Island, New Zealand (44°46ʹ S 170°31ʹ E) in the centre of the blackfronted tern breeding range (Schlesselmann et al. 2017) . The Waitaki River is one of New Zealand's major braided rivers as well as one of the country's main sources of hydroelectric power. The 70 km section of the river, between the last hydroelectric dam and the sea, is called the lower Waitaki and it is braided for all but the first 5 km downstream of the dam (Hicks et al. 2008) . The flow of the lower Waitaki River is controlled responding to energy demands, resulting in a reduced flood regime and mostly steadier river flows compared to the spikes in flow caused by spring floods and snow melt in other braided rivers (Tal et al. 2004 and Californian poppy (Eschscholzia californica) dominate the vegetation on the riverbed. Herbicide spraying of approximately 300 ha sections of the river in the central braidplain is carried out annually by Environment Canterbury (P. Eddy, pers. comm.). The central braidplain of the Waitaki River has nevertheless reduced in width from approximately 2 km prior to the construction of dams in 1935 to approximately 0.5 km (Hicks et al. 2008) . No comprehensive mammal pest control is carried out, but possums (Trichosurus vulpecula) and ferrets are controlled infrequently (G. May, pers. comm.). This was last undertaken on the northern bank of the lower Waitaki River between March and June 2016.
In this study, monitoring of predators and breeding of black-fronted terns occurred on a 15 km stretch of river from 1 km upstream of the SH 83 Kurow Bridge to the confluence of the Penticotico Stream on the true left of the Waitaki River ( Fig. 1 ). Data were collected throughout the breeding season of black-fronted terns (October-January) in two phases: a pilot study before vegetation clearance occurred (2015/16), followed by a more extensive study post-vegetation clearance on islands (2016/17). Seven islands were cleared of all vegetation in April and May 2016 using a 2006 Komatsu D65 PX bulldozer (blade width 4 m). Initial trials showed that clearing vegetation on existing islands and covering it with gravel material from that island was faster and more cost-efficient than using riverbed gravel material to build up islands. Sites were therefore chosen based on the size of preexisting islands (0.3-0.5 ha), accessibility by the bulldozer, and their height above average flow (i.e. available gravel material). Between 0.4 to 2.0 ha (average 0.94 ha) was cleared from each site (approximately 1 km apart). The cleared islands were built up to a height of approximately 0.5 m above the mean watermark to protect islands from flooding. Channels (minimum width 14 m) separated each island from the adjacent riverbank or from other vegetated islands in the river. Channel flows around the islands were not measured and as river flow varied throughout the breeding season, discharge through channels surrounding those islands varied also.
Mammalian predator monitoring
We surveyed the presence of mammalian predators at two sites each on the southern and northern banks, with each site being about 10 to 12 km apart or separated by the main channel of the Waitaki River. The sites were representative of the river margins dominated by introduced woody vegetation and were selected partly based on their accessibility. At each site, a 0.8 km transect consisting of five large tracking tunnels (that allowed entry by predators as large as cats) was established at 200 m intervals parallel to the river (distance to the river between 19 and 280 m with an average of 124 m) (following Pickerell et al. 2014) . Transects were placed in vegetation to maximise the chance of predator detection (Cameron et al. 2005; Recio et al. 2010 Recio et al. , 2013 . Each tunnel was checked and re-baited with fresh rabbit (Oryctolagus cuniculus) meat every 10 days for a total of 70 days per tern breeding season.
We also monitored the presence of mammalian predators on 13 vegetated islands in both seasons and on seven islands after they were cleared in 2016/17. One tracking tunnel was placed on each island. As islands were generally small (range: 0.18-4.75 ha, average: 1.70 ha), it was assumed that apart from mice (Mus musculus) any mammal on the island would encounter the device (King 2005) . Distance to the nearest riverbank ranged between 32 and 270 m (average of 91 m) for the vegetated islands and between 20 and 47 m (average of 36 m) for cleared islands. Depending on the water flow, islands could be connected to other vegetated islands on the river, but never to the banks of the river. We checked and re-baited each tracking tunnel with fresh rabbit meat every 12-15 days (average of 13.75 days) on vegetated islands in the 2015/16 season, and every 5-10 days (average of 7.25 days) for vegetated and cleared islands in the 2016/17 season. As access to islands was limited by jet boat availability, intervals between monitoring differed slightly between years.
Footprints on tracking cards were identified to species level where possible. Because ferret, stoat and weasel (Mustela nivalis) footprints overlap in size depending on sex and age of animals (Ratz 1997) , we classified all of these footprints as mustelids. We calculated mean tracking rates over the entire period that the tracking tunnels were used, and minimum and maximum tracking rates of each interval between checks of tracking tunnels.
Monitoring of breeding colonies and determining causes of nest failure
Each season, systematic searches for black-fronted tern colonies were carried out by observing birds either from the riverbanks or from on the river using a jetboat. Once a colony was located, systematic searches for nests were carried out. All nests were marked with a small rock cairn (10-15 cm tall) approximately 1 m upstream of the nest. We searched for additional nests from the second visit onwards; however, only 30 nests were monitored at a time per colony to minimise disturbance and stress to breeding birds. The status of the nests was assessed by regular walk-through checks on islands at the same intervals as tracking tunnel checks. In addition, remote cameras (Ltl Acorn Ltl-5310) were used in the 2016/17 breeding season to determine the identity of the predator in case of nest failure due to predation. Between two and seven cameras were set up simultaneously in a colony (colony-size dependent) with the aim of at least 20% of the walk-through monitored nests being additionally monitored with a camera. Cameras were spread throughout the colony to increase the chance of capturing predation events if they occurred, but no other criteria were used in choosing nests to monitor with a camera. Cameras were attached to a wooden stand with a small solar panel at the top of the stand (Ltl Acorn Ltl-Sun Solar Charger) and placed 1.5-2.0 m from the nest at a height of 0.3 m, ensuring that nest contents were clearly visible. All cameras were motion-triggered and either took still photographs or short 10-30 s videos and were set to operate 24 hours per day. Memory cards were changed during each visit and cameras moved if chicks had hatched and left the immediate vicinity of the nest or the nest had failed. Camera footage showed that incubating adults returned to the nest within 5 min of researchers leaving the colony.
Nest outcomes were classified into the following categories: (1) Successful -if one or more eggs hatched and at least one chick was observed in or close to the nest bowl (black-fronted tern chicks are precocial and leave their nest, which is why fledging success is difficult to measure accurately); (2) Failed due to predation -no adults were present as the nest was approached, the nest bowl was either empty or contained damaged eggs, and no sign of chicks was observed; (3) Failed due to flooding -high watermark, flattened vegetation or didymo (Didymosphenia geminata) fragments around the nests and/or discoloured eggs; (4) Failed due to desertion -nest was unattended and eggs were cold; and (5) Unknown -nest outcome was unclear.
Statistical analyses
To assess the influence of vegetation clearance and island creation on nest success rates, we calculated the probability of success of nests in colonies on vegetated and newly cleared islands in 2016/17. We limited our analysis to the incubation and egg-laying periods using three different methods. We first used logistic regression of apparent hatching success (AHS), which treats each nesting attempt as a Bernoulli trial with nest fate being the response variable (1 = success, i.e. at least one egg hatched; 0 = failure). When birds are nesting on islands and in colonies, where nests are highly detectable and mortality events can often be catastrophic, AHS is more accurate as it has no assumption about the rate of mortality of nests (Johnson & Shaffer 1990 ). However, as it is possible to miss early-stage nesting attempts by observational monitoring, AHS can lead to a bias in estimating hatching success (Mayfield 1961 (Mayfield , 1975 . Therefore, we also used a logistic regression of conditional hatching success (CHS) and a logistic-exposure model (Log-Exp; Shaffer 2004) . Both latter methods treat each observation interval as a Bernoulli trial with the response being the number of successful observation intervals at a nest (1 = nest survived, 0 = nest failed) and the number of Bernoulli trials being equal to the number of observation intervals. In this way, hatching success is adjusted for nests which have been found at a later stage and were exposed to less risk of failing during the observation period compared to early-stage nests.
If all nests are found at the same stage early in the incubation period and it is possible to also find inactive nests, AHS will be as accurate as CHS and Log-Exp.
The conditional hatching success method is 'conditional' on when the monitoring commenced and only compares the risk of failure that was observed, whereas Log-Exp also takes into account that the probability of surviving an interval is dependent on the interval length (Shaffer 2004) . The logisticexposure model is equivalent to other logistic regression Mayfield estimators (e.g. Aebischer 1999; Dinsmore et al. 2002) , but has the advantage that it does not assume the daily survival rate is constant. If a nest succeeded or failed between nest visits, and we could not determine the exact date through camera footage, we assumed that the nest was active for half of that interval (mid-way assumption; Mayfield 1961) . As visitation rates varied in this study between 5 and 10 days, this assumption can lead to some bias and the method works best with short visitation rates (Shaffer 2004 ).
Variation in hatching success using the different methods was explored with generalised linear mixed models (GLMMs) with a binomial error term and a logit link (for the AHS and CHS approaches) or logistic-exposure link containing an exponent 1/t with t being the number of observation days for each interval (for the Log-Exp approach) and with different combinations of Colony Size (to accommodate potential survival benefits of nests of larger colonies as a result of diluted predation risk and communal antipredator defence), Timing (to accommodate seasonal variation in nest success), and Vegetation (to assess the effect of clearing vegetation on nesting success) as fixed terms, and Colony (to account for the non-independence of the fate of nests within colonies) as a random term (Table 1) . We decided against including Mammalian presence (to account for increased risk of failure of nests in colonies where mammals are detected) as a fixed term, as we only detected mustelids (known predators of eggs, chicks, and adult black-fronted terns) on one vegetated island with a black-fronted tern colony present twice during the breeding season (see Results), which also would be captured by the random effect.
All continuous input variables were centred and standardised following Schielzeth (2010) to compare effect sizes of variables directly. We tested for collinearity of model terms using the global model (VIF = 1. 05-1.38; Freckleton 2011) . We ranked all models for each analysis using Akaike's Information Criterion corrected for small sample size (AICC; Burnham & Anderson 2003) . As our focus was on the particular effect of vegetation on islands, we included vegetation in all our candidate models and did not average across multiple models (Cade 2015; Banner & Higgs 2016) . All analyses were carried out in R v. 3.3.3 (R Core Team 2017).
Results
Mammalian predators
Cats, possums, hedgehogs, mustelids, and mice were detected on the banks of the lower Waitaki River in both breeding seasons, but no rats (Rattus spp.) were ever detected (Fig. 2 a,  b) . Possums, mustelids and mice were detected on vegetated islands, but no cats, hedgehogs or rats (Fig. 2 a, b) . In both years, we detected mustelids at some point during the breeding season on about half of the vegetated islands (2015/16: 53.8%; 2016/17: 46.2%). On cleared islands, the only species detected were mice on one island (Fig. 2b) . 
Nesting success and causes of failure
In 2015/16, we monitored 78 nests in four colonies on four vegetated islands. In 2016/17, we monitored 108 nests in three colonies on three vegetated islands, and 77 nests in three colonies on three cleared islands (two colonies established at the Kurow Creek site independently, Fig. 1) . In both years, about half of the nests hatched at least one chick ( Table 2 , Table S1 ). The main reason for nest failure in both seasons was predation, followed by flooding and desertion (Table  2 ). In 2016/17, most nest successes occurred in October and November, while later in the breeding season (December) almost all nests failed primarily due to predation (Fig. 3a) .
Identity of nest predators
A total of 56 nests (30.3% of total nests and 37.2% of nests per colony) was monitored with remote cameras in addition to the walk-through nest checks in 2016/17 (Table 3) . Eighteen of these nests were successful and 32 nests were depredated, primarily by an avian predator (n = 20), the southern blackbacked gull (Table 3, Fig. 3b, c and 4) . Predation by southern black-backed gulls occurred throughout daylight hours and although black-fronted terns were often observed mobbing the intruder, they were unable to deter the much larger species. The ten nests for which the predator identity could not be confirmed at videoed nests were probably also preyed upon by southern black-backed gulls as all failures occurred in December in colonies where all other nests failed due to southern blackbacked gull predation. Only one predation event by a stoat was observed in late December, where the stoat killed the incubating adult at night (1:45 a.m. New Zealand Standard Time), but did not prey upon the eggs. The nest was deserted by the partner the next morning. Again, of the camera-monitored nests on cleared islands (n = 24) and on vegetated islands (n = 32), most successes were observed early in the season and most failures, and particularly predation events, late in the season (Fig. 3b, c ).
Comparison of nesting success between cleared and vegetated islands
Black-fronted terns used cleared islands for breeding, roosting and feeding in the season immediately following island creation. Three breeding colonies established on two cleared islands and none of these islands were used while they were vegetated in the previous season (Fig. 1) . All models of nesting success were reasonably congruent (Fig. 5) . Nesting success probability did not differ between vegetated and cleared islands as confidence intervals for Vegetation included zero in all models (Fig. 5 ). However, a slightly negative trend of vegetation on hatching success was observed using the AHS model compared to a slight positive trend in the other models. Black-fronted tern nest success probability decreased from ~90% to 60% within the breeding season until the end of December (Fig. 5, 6a ). In the CHS and Log-Exp model, the probability of a black-fronted tern nests being successful increased by ~30% with an increased colony size, up to 200 individuals (Fig. 6b ), but not in the AHS model as the confidence interval of the coefficient estimate included zero (Fig. 5) .
For all methods of estimating nesting success, models including all covariates had the lowest AICc values and the highest AICc weight (Table S2 ). The random effect Colony identity explained zero variance (likely due to the other factors capturing the majority of differences between colonies) in the case of AHS, but explained 0.097 and 0.172 variance (logit) in the CHS and Log-Exp model, respectively (Table S2 ).
Discussion
We detected seven mammalian predator species on the lower Waitaki River apart from rats. Most importantly, in both seasons we detected mustelids on over half of the vegetated islands, but none on cleared islands. The nesting success of black-fronted terns was low in both years with predation being the primary cause of failure. Surprisingly, video cameras showed that the primary predators of black-fronted tern nests were southern Banks refer to 20 tunnels in four transects operated for 70 days on the southern and northern banks of the lower Waitaki River. Vegetated islands refer to tracking tunnels operated on 13 vegetated islands for 60 days and 64 days in 2015/16 and 2016/17, respectively. Cleared islands refers to tracking tunnels operated on seven cleared islands for 59 days. Figure 3 . Timeline of outcomes of blackfronted tern nests monitored on the lower Waitaki River in 2016/17 on a) both island types monitored by cameras and walkthrough checks (n = 185), b) cleared islands monitored with cameras (n = 24), and c) vegetated islands monitored with cameras (n = 32). Successful nests are nests that hatched at least one chick.
Other reasons for failure (see Table 2 ) include desertion, flooding, infertility, and in case of b) and c) predation by an unidentified predator or stoat (see Table 3 ).
black-backed gulls rather than mammals. Black-fronted terns did establish three breeding colonies on cleared islands immediately after their creation, but nesting success did not differ between vegetated and cleared islands. Consistent with other studies of mammalian predators in braided rivers, we detected fewer mammalian species and far fewer occurrences on islands compared to riverbanks, and even fewer mammalian predators on cleared islands compared to vegetated ones (Pierce 1987; Pickerell 2015) . This was despite cleared islands being closer on average to the riverbanks where more mammals occurred (Fig. 2) . On vegetated islands, mammalian predators can either be visitors or residents depending on the size of the island and availability of food sources year-round (Pickerell 2015) . In our study, mustelids were often detected only once on a vegetated island, potentially indicating visiting individuals, particularly given the very good swimming abilities of stoats (King et al. 2014) . Use of vegetated islands by mustelids poses a threat to black-fronted tern colonies on vegetated islands. Although these results are limited to the lower Waitaki River, and to one breeding season after clearing islands, they indicate that clearing islands is potentially useful for indirectly managing mammals in larger, lowland river systems, but further research using video cameras as well as tracking tunnels would be required to increase our understanding of detecting cryptic species in open environments (Smith & Weston 2017) . This is the first study where the nesting success of blackfronted terns and causes of nest failure were investigated in a lowland river and nesting success of colonies on cleared and vegetated islands was compared. Overall, we found hatching success to be similarly low as in the upper river systems and nest failure mostly caused by predation (Keedwell 2005; Cruz et al. 2013; Bell 2017) . In upland rivers, mammals have been reported as the primary nest predator (Keedwell 2005; Cruz et al. 2013; Bell 2017) . On the Wairau River, also a lowland river, Australasian harriers caused more than half of the 19 videoed nest failures (Steffens et al. 2012 ). To our surprise, although mammalian predators were present in the environment, southern black-backed gulls were the major predator of nests in the lower Waitaki River rather than mammals. Native avian predators are able to prey upon eggs and chicks of braided river birds (Sanders & Maloney 2002) . In other parts of the world, specifically the impact of large gulls (Larus spp.) on tern productivity has been documented (e.g. Becker 1995; Devault et al. 2005; Donehower et al. 2007 ). The decline in nesting success later in the season is most likely explained by the sudden rise in predation by southern black-backed gulls in December. A similar pattern (although involved a different predator species) has been recorded in the upper Clarence catchment and for other tern species (Arnold et al. 2004; Bell 2017) . For most bird species, it is thought that early breeding results in higher reproductive success due to potentially more or higher quality resources (e.g. more available breeding habitat, lower predation pressure, more feeding territories) being available early in the season, and birds in higher body condition and with more breeding experience nesting earlier (Perrins 1996; Price et al.1988 ). We also found that black-fronted tern nests in larger colonies on the lower Waitaki River had a higher probability of being successful. This colony size effect has also been reported for black-fronted terns nesting on the upper Clarence River, but not from the Mackenzie Basin (Keedwell 2005; Bell 2017 ). Larger breeding colonies can provide protection against aerial predators in other tern species elsewhere in the world (Hernández-Matías et al. 2003) . A size or density effect has also been reported for two other New Zealand braided river specialists. Breeding success of black-billed gulls increased in larger colonies and banded dotterel nests at higher density have higher nest survival (Norbury & Heyward 2008; McClellan 2009 ). This might also be the case for black-fronted terns, but we currently do not know if the increase in predation by southern black-backed gulls late in the breeding season is related to the tern breeding cycle (e.g. targeting chicks, or colonies of smaller size, less experienced breeders later in the season), the gull breeding cycle (e.g. energy demands of chicks), and if it is the specialisation by one or a few gulls or the whole colony (Yorio & Quintana 1995; Guillemette & Brousseau 2001; Donehower et al. 2007 ). Predation occurred on both island types equally. In comparison to mammalian predators, southern black-backed gulls are not dependent on vegetation for cover and it is therefore not surprising that vegetation clearance had no effect.
Each of the different nest success estimators have some bias. While AHS enables comparison to other studies (Keedwell 2005; Bell 2017) , it provides an overly simplistic model of hatching success. The other two estimators are based on an unbalanced sample of nest observations from vegetated and cleared islands. For example, while AHS indicated a slight Figure 6 . Average marginal predicted probability of black-fronted tern nesting success using estimates of the CHS model on the lower Waitaki River (i.e. nest having at least one egg hatch) on vegetated islands (solid blue line with shaded 95% confidence interval) and on cleared islands (dashed red line with shaded 95% confidence interval) in relation to a) time of the season the nest was active and b) colony size. Figure 5 . Coefficient estimates with 95% confidence intervals for binomial models of apparent hatching success (AHS), conditional hatching success (CHS) and logistic-exposure (Log-Exp) scaled hatching success of blackfronted tern nests on the lower Waitaki River in 2016/17. trend for vegetation clearance being beneficial for hatching success, the opposite was observed for the other two estimates. This is most likely an artefact due to only limited data being available from cleared islands as the first chicks were observed hatching in the large colony on a cleared island within a week of monitoring. Our study would have benefitted from more monitoring visits, particularly earlier in the season and recording hatching success of all nests of colonies would have provided a more balanced sample of both nesting habitats. Our access to colonies depended on the availability of a jetboat and we aimed to minimise disturbance within a breeding colony limiting our monitoring to a sample to 30 nests at a time. Advances in technology, particularly video cameras with increased memory capacity, will aid in overcoming these challenges and trade-offs between collecting data and disturbance involved in monitoring black-fronted terns, particularly on large, lowland rivers. The actual estimate of productivity (number of fledglings per nest) for the lower Waitaki River will be substantially lower than the hatching success as a high degree of mortality occurs pre-and post-fledging (Keedwell 2003 (Keedwell , 2005 Cruz et al. 2013 ). Nevertheless we add critical information on the hatching success of colonies in a lowland river where a large proportion of black-fronted terns breed. Different pressures are at play in lowland compared to upland rivers such as the degree of weed invasion and different impacts of predator species (Williams & Wiser 2004; O'Donnell & Hoare 2011; Steffens et al. 2012) . Future studies should aim to estimate productivity, so that this information is also available from a lowland river environment.
In summary, this study provides further evidence that the conservation concern over this species is warranted Robertson et al. 2017; Wright 2017) . It documents the large impact of a native avian predator on black-fronted tern nesting success on the lower Waitaki River and highlights the different impacts of predators affecting black-fronted tern colonies in lowland versus high-country rivers. Cleared islands are readily used by black-fronted terns for roosting, feeding and breeding. We present some evidence that cleared islands can provide habitat that is safe from flooding and have lower mammalian predation pressure. Artificially creating habitat to mimic natural habitat can play a critical role in population recovery of terns (Schippers et al. 2009; Pakanen et al. 2014 ). We recommend that the possible effects of avian predators and potential specialisation be considered (Sanz-Aguilar et al. 2009 ) and monitoring of black-fronted terns on lowland rivers be continued, extending it to include different life-stages, on cleared and vegetated islands.
